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1.  Introduction

The substitution of Mn for Ga and In in III–V semiconductors 
GaAs and InAs generates ferromagnetic ordering [1–8], which 
has attracted significant study of dilute magnetic semicon-
ductors (DMS). When doping Mn up to  ∼12% in GaAs, the 
ferromagnetic Curie temperature TC reaches  ∼200 K [9–11]. It 
is believed that TC can reach as high as room temperature if more 

Mn atoms are doped into the material [12]. The low chemical 
solubility of Mn2+ for Ga3+ , however, prevents a higher doping 
level of Mn. Additionally, the carriers and spins in (Ga,Mn)As 
compounds are induced simultaneously by Mn atoms, which 
makes it difficult to investigate the individual influence of 
charge and spin degrees of freedom on the ferromagnetism.

Recently, a series of bulk DMS systems derived from 
Fe-based superconductors [13–16] have been reported 
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Abstract
We report the synthesis and characterization of a bulk form diluted magnetic semiconductor, 
(La1−xCax)(Zn1−yMny)AsO, with a layered crystal structure isostructural to that of the 1 1 1 1  
type Fe-based high-temperature superconductor LaFeAsO and the antiferromagnetic 
LaMnAsO. With Ca and Mn codoping into LaZnAsO, the ferromagnetic ordering occurs 
below the Curie temperature TC  ∼30 K. Taking advantage of the decoupled charge and spin 
doping, we investigate the influence of carrier concentration on the ferromagnetic ordering 
state. For a fixed Mn concentration of 10%, TC increases from 24 K to 30 K when the Ca 
concentration increases from 5% to 10%. Further increase of Ca concentration reduces both 
the coercive field and saturation moment. Muon spin relaxation measurements confirm the 
ferromagnetically ordered state, and clearly demonstrate that (La1−xCax)(Zn1−yMny)AsO 
shares a common mechanism for the ferromagnetic exchange interaction with (Ga,Mn)As. 
Neutron scattering measurements show no structural transition in (La0.90Ca0.10)(Zn0.90Mn0.10)
AsO below 300 K.
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[17–27], which have the advantage of decoupling spin- and 
carrier-doping. The first reported material is Li(Zn,Mn)As 
with ∼T 50C  K [17]. In this system, spins are introduced by 
Mn atoms and carriers are introduced by excess Li atoms. The 
substitution of Mn for Zn instead of Ga solved the problem of 
low solubility of magnetic atoms in III–V DMSs. The fabrica-
tions of these new DMSs opened up a window to investigate 
the individual influence of carriers and local moments on the 
ferromagnetic ordering. The maximum TC of these new DMSs 
has reached up to  ∼230 K in (Ba,K)(Zn,Mn)2As2 with 15% 
Mn doping and 30% K doping [23].

The availability of bulk form specimens is another impor-
tant feature. It realizes the possibility of investigation by 
nuclear magnetic resonance (NMR), muon spin relaxation 
(μSR) and neutron scattering on DMSs. An NMR investi-
gation of Li(Zn,Mn)P by Ding et al shows that Li(0) (zero 
means that there are no Mn atoms at the nearest neighbor(NN) 
Zn sites of Li) sites are under the influence of ferromag-
netic Mn spin fluctuations [28], indicating that the carriers 
in Li(Zn,Mn)P indeed mediate the ferromagnetic exchange 
interaction. Comparing the μSR results of 1 1 1 (Li(Zn,Mn)
P, Li(Zn,Mn)As) [17, 29], 1 1 1 1 ((La,Ba)(Zn,Mn)AsO) [19], 
122 (Ba,K)(Zn,Mn)2As2) [23] type bulk DMSs with that of 
(Ga,Mn)As [30], we find a universal linear trend between the 
static internal field parameter as and the ferromagnetic Curie 
temperature TC [17, 19, 23, 29]. The linear relation indicates 
that they all share a common ferromagnetic mechanism.

In this paper, we report the successful synthesis of a new  
1 1 1 1 type bulk DMS (La,Ca)(Zn,Mn)AsO, which is iso-
structral to the parent compound of Fe-based high-temper-
ature superconductor LaFeAsO [14]. In this system, Ca2+ 
substitution for La3+ and Mn2+ substitution for Zn2+ intro-
duce carriers and spins, separately. The main results are clas-
sified in two subgroups. The first group has the same doping 
level for Ca and Mn at 5%, 10% and 20%. For the second 
group, we fix the Mn concentration at 10% and increase the 
Ca doping level from 5% up to 30%. As mentioned in PRB 
Rapid Communication about (La,Ba)(Zn,Mn)AsO by Ding et 
al, Mn2+ substitution for Zn2+ in LaZnAsO alone does not 
induce ferromagnetic ordering [19]. Here, we substitute Ca 
for La inducing carriers and observe the static ferromagnetic 
order below ∼T 30C  K for (La0.90Ca0.10)(Zn0.90Mn0.10)AsO. 
The resistivity of (La1−xCax)(Zn1−yMny)AsO shows a typical 
semiconducting behavior and the coercive field reaches  ∼1 T 
in (La0.90Ca0.10)(Zn0.90Mn0.10)AsO. Exploiting the decoupling 
of carrier- and spin-doping, we increase the Ca concentration 
while leaving the Mn doping fixed. The temperature dependent 
resistivity remains semiconducting even with Ca doping con-
centration up to 30%. We find that it is the best for ferromag-
netic ordering to form when doping the same concentration 
of Ca and Mn. The ferromagnetic Curie temperature TC, static 
spin freezing temperature Tf, saturation moment and coercive 
field all have a minimum value at 5% Ca doping and reach a 
maximum in (La0.90Ca0.10)(Zn0.90Mn0.10)AsO. The saturation 
moment and coercive field are reduced when the concentration 
of Ca is further increased. We performed μSR and neutron 
scattering measurements for this system. The μSR measure-
ments demonstrate that (La0.90Ca0.10)(Zn0.90Mn0.10)AsO has a 

common ferromagnetic mechanism with (Ga,Mn)As, (Ba,K)
(Zn,Mn)AsO, Li(Zn,Mn)Pn(Pn  =  As, P) and (La,Ba)(Zn,Mn)
AsO. In the whole temperature range of neutron scattering 
measurements, a structural phase transition is not observed.

2.  Experiments

Polycrystalline specimens of(La1−xCax)(Zn1−yMny)AsO 
were synthesized through the solid-state reaction method at 
Zhejiang University. High-purity elements of La, Zn and As 
were mixed and heated at 900 °C in an evacuated silica tube 
for 10 h to produce intermediate products LaAs and ZnAs. 
They were then mixed with ZnO, MnO and CaO with nom-
inal concentrations and made into pellets. The mixture was 
then heated up to 1150 °C slowly and held for 40 h before 
cooling down by shutting off the furnace. The polycrystals 
were characterized by x-ray powder diffraction (a PANalytical 
x-ray diffractometer with monochromatic Cu Kα1 radiation) at 
room temperature and dc magnetization by a quantum design 
superconducting quantum interference device (SQUID). The 
electrical resistance was measured on sintered pellets with 
the typical four-probe method. Zero-field (ZF) and longitu-
dinal-field (LF) μSR measurements were performed at the 
Paul Scherrer Institute and TRIUMF. Neutron scattering mea-
surements were performed at the NIST Center for Neutron 
Research (NCNR) using the BT-1 powder Diffractometer.

3.  Results and discussion

First, we examine the compound with the same Ca and Mn 
doping levels, including the parent compound. We show the 
powder x-ray diffraction patterns of (La1−xCax)(Zn1−xMnx)
AsO (x  =  0.00, 0.05, 0.10, 0.20)in figure 1(a). Bragg peaks 
of the parent compound LaZnAsO can be well indexed by a 
tetragonal crystal structure of space group P4/nmm, as dem-
onstrated by Reitveld refinement for LaZnAsO compound 
[19], with a  =  4.1027 Å and c  =  9.0781 Å. The crystal 
structure of LaZnAsO, a ZrCuSiAs-type tetragonal crystal 
structure is shown in figure  1(c), which is isostructural to 
the 1 1 1 1 type Fe-based high-temperature superconduc-
tors LaFeAsO [14] and antiferromagnetic LaMnAsO [31]. 
Lattice parameters for these four specimens are shown 
in figure  1(d). Error bars represent 1 standard deviation 
throughout the paper. For figure 1(d), however, the error bars 
are too small to see. Unlike Ba and Sr doping, the lattice 
constants a and c do not monotonically change with Ca and 
Mn doping, which can also be shown in the figure 1(b). In 
figure 1(b), (0 1 2), (1 1 0) and (1 1 1) peaks do not move 
in the same direction with increasing doping level. This 
can be attributed to the much closer atomic radius of La3+ 
(0.106 nm) and Ca2+ (0.099 nm).

In figure  2(a), we show dc magnetization of (La1−xCax)
(Zn1−xMnx)AsO (x  =  0.05, 0.10, 0.20) measured with 
=B 0.1ext  T under both zero-field-cooled (ZFC) and field-

cooled (FC) conditions. We observe a significant increase in 
magnetization at ∼T 25C  K for x  =  0.05, and a bifurcation of 
ZFC and FC curves at  ∼10 K. The bifurcation between ZFC 
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and FC curves maybe a result of formation and motion of mag-
netic domains. The temperature of the bifurcation is defined as 
Tf, the onset temperature of static spin freezing. When the con-
centration of Ca and Mn is increased up to x  =  0.10 and 0.20, 

the ferromagnetic Curie temperature TC increases to 30 K,  
and Tf increases to  ∼12 K. TC and Tf of x  =  0.10 are marked 
by arrows in figure 2(a). The saturation moment at 2 K for 
x  =  0.05 is 0.158 µB Mn−1, and increases to 0.639 µB Mn−1 

Figure 1.  (a) Powder x-ray diffraction pattern of (La1−xCax)(Zn1−xMnx)AsO (x  =  0.00, 0.05, 0.10, 0.20). (b) Magnified view of (0 1 2),  
(1 1 0), and (1 1 1) peak for (La1−xCax)(Zn1−xMnx)AsO. (c) Crystal structure of LaZnAsO. (d) Lattice parameters for a axis (red solid 
circles) and c axis (blue solid squares) of (La1−xCax)(Zn1−xMnx)AsO (x  =  0.00, 0.05, 0.10, 0.20).

Figure 2.  (a) dc magnetization measurements under ZFC and FC for (La1−xCax)(Zn1−xMnx)AsO(x  =  0.05, 0.10, 0.20) at =B 0.1ext  T; TC 
and Tf are marked by arrows. (b) The isothermal magnetization measurements for (La1−xCax)(Zn1−xMnx)AsO(x  =  0.05, 0.10, 0.20) at 5 K.

J. Phys.: Condens. Matter 28 (2016) 026003
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for x  =  0.10, and then decreases to 0.151 µB Mn−1 with the 
higher doping level x  =  0.20.

The isothermal magnetization for (La1−xCax)(Zn1−xMnx)
AsO (x  =  0.05, 0.10, 0.20) at 5 K is shown in figure  2(b). 
The high field moment at 5 K and =B 5ext  T changes with 
doping level in the same way as that at 2 K and =B 0.1ext  T.  
M(5 T)  ∼0.5 µB Mn−1 for x  =  0.05, and increases to M(5 T)   
∼1.4 µB Mn−1 for x  =  0.10, and then decreases to M(5 T)   
∼0.15 µB Mn−1 for x  =  0.20. It is strange that the value of the 
moment for x  =  0.20 is robust at different external fields. A 
parallelogram-shaped hysteresis loop shows a coercive field 
of 0.56 T for x  =  0.05. The coercive field increases to 0.97 
T for x  =  0.10 and then decreases with further doping. For 
x  =  0.20, the coercive field is 0.27 T. The change of coer-
cive field with doping level is likely the result of competition 
between ferromagnetic coupling via the RKKY interaction 
[12] and the NN antiferromagnetic coupling via the direct 
exchange interaction. The RKKY exchange interaction can be 
written as ( )∼J k r rcos 2 /F

3, where r is the distance between 
two localized moments and kF is the radius of the Fermi 
surface. We codope more Ca and Mn into (La,Ca)(Zn,Mn)

AsO, and introduce more hole carriers and localized spins, 
which modifies the Fermi surface, density of states, and fer-
romagnetic coupling. On the other hand, the higher doping 
level enhances the probability of finding two Mn atoms at NN 
Zn sites, and consequently the antiferromagnetic coupling. 
There must be a doping level which is optimal for ferromag-
netic ordering. In the present work, the optimal concentration 
is ∼x 0.10. The coercive fields of (La,Ca)(Zn,Mn)AsO are 
larger than that of (Ga0.965Mn0.035)AsO(∼0.005 T) [2] and 
Li1.1(Zn,Mn)PnO(Pn  =  As, P)(∼0.01 T) [17, 18].

As stated in our earlier work [19], the detailed dis-
crimination between ferromagnetic or spin-glass states 
requires the magnetization data as well as neutron scat-
tering results. Since we cannot observe the magnetic 
scattering peaks due to the low average moment size, 
∼0.06 µB Mn−1(Zn) in (La0.90Ca0.10)(Zn0.90Mn0.10)AsO  
(which is smaller than the limit of neutron resolution  ∼0.1 µB),  
there is no definite evidence at this moment to distinguish 
between ferromagnetic and spin-glass states for the present 
system. However, the magnitudes of ferromagnets’ remnant 
magnetic moments in the ground state at low temperatures, 

Figure 3.  (a) Temperature-dependent electrical resistivity for (La1−xCax)(Zn0.90Mn0.10)AsO (x  =  0.10, 0.20, 0.30). (b) dc magnetization 
measurements under ZFC and FC for (La1−xCax)(Zn0.90Mn0.10)AsO(x  =  0.05, 0.10, 0.20, 0.30) at =B 1000ext  Oe. (c) Isothermal 
magnetization measurements for (La1−xCax)(Zn0.90Mn0.10)AsO(x  =  0.05, 0.10, 0.20, 0.30) at 5 K. (d) Ca concentration dependence of 
coercive field and saturation moment.
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obtained in zero field after training in high external magnetic 
fields, is clearly different from that of spin glasses. The value 
of remnant magnetization for many ferromagnets is usually in 
the order of 1 µB per magnetic atom, but it is only  ∼0.01 µB per 

magnetic atom for typical dilute alloy spin glasses [32–34]. In 
the current system, the maximum magnetization is about 0.75 
µB per Mn, as shown in figures 2(b) and 3(c). Therefore, we 
tentatively assign the present system as ferromagnet.

Figure 4.  (a) Zero-field μSR time spectra of (La0.90Ca0.10)(Zn0.90Mn0.10)AsO. Fits using the dynamic-static relaxation function [35] are 
shown as solid lines. (b) The static local field amplitude parameter as. (c) The time spectra of LF μSR with a longitudinal field of 200 G for 
(La0.90Ca0.10)(Zn0.90Mn0.10)AsO. (d) The dynamic relaxation rate parameter λd. (e) dc magnetization measurements under ZFC and FC for 
(La0.90Ca0.10)(Zn0.90Mn0.10)AsO. (f ) Muon spin relaxation rate 1/T1 due to dynamic spin fluctuations. The arrows in (b), (d), and (f ) indicate 
the onset temperature of static spin freezing.

J. Phys.: Condens. Matter 28 (2016) 026003
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As the next step, since the spins and carriers can be con-
trolled separately by the doping levels of Mn and Ca, we 
would like to investigate the influence of the Ca concentration 
on the magnetism with a fixed Mn concentration. We keep the 
Mn concentration fixed at 10%, and change the concentration 
of Ca in (La,Ca)(Zn,Mn)AsO from 5% to 30%.

In figure 3(a), we show the results of electrical resistance 
measured for (La1−xCax)(Zn0.90Mn0.10)AsO with x  =  0.10, 
0.20, 0.30. The resistivity of these specimens displays a typ-
ical semiconducting behavior and no semiconductor-metal 
transition occurs even with the Ca doping level up to 30%. 
It seems that spins induced by doped Mn atoms scatter and 
localize the hole carriers and hinder the transformation from 
semiconductor to metal. On the other hand, the resistivity 
decreases with more carriers introduced by Ca doping at the 
fixed Mn concentration 10%. The resistivity is on the order of 
Ω104  cm for x  =  0.10, and decreases by two orders of magni-

tude to Ω102  cm for x  =  0.30.
In figure 3(b), we show ZFC and FC dc magnetization of 

(La1−xCax)(Zn0.90Mn0.10)AsO (x  =  0.05, 0.10, 0.20, 0.30) with 
an applied external magnetic field =B 0.1ext  T. For x  =  0.05, 
the ferromagnetic Curie temperature TC is  ∼24 K, and the static 
spin freezing temperature Tf is  ∼9 K. As the doping level of Ca 
increases to x  =  0.10, and finally reaches x  =  0.30, TC increases 
to 30 K, and Tf increases to 12 K. The saturation moment at 2 K 
for x  =  0.05 is 0.068 µB Mn−1 and increases to 0.639 µB Mn−1 
for x  =  0.10, nearly an order of magnitude larger than that of 
x  =  0.05. The saturation moment starts to decrease with further 
increase of the Ca doping level to 0.20 (0.566 µB Mn−1) and 
0.30 (0.503 µB Mn−1). This demonstrates that too many car-
riers are detrimental to ferromagnetism, which agrees with the 
result in (La,Sr)(Zn,Mn)AsO. The isothermal magnetization 
for (La1−xCax)(Zn0.90Mn0.10)AsO (x  =  0.05, 0.10, 0.20, 0.30) 
at 5 K is shown in figure 3(c). The coercive field is 0.53 T for 
x  =  0.05, and increases to 0.97 T for x  =  0.10, then decreases 
with further doping. For x  =  0.20 and 0.30, the coercive 
field is 0.95 T and 0.84 T, respectively. The Ca concentration 
dependence of both the coercive field and saturation moment 
of (La1−xCax)(Zn0.90Mn0.10)AsO are plotted in figure  3(d). 
They all increase with the doping level of Ca increasing up to 
x  =  0.10 from x  =  0.05, and then decrease monotonically when 
x is between 0.10 and 0.30. The Ca concentration dependence 
of the coercive field and saturation moment is likely due to the 
hole-carrier-mediated RKKY interaction for spins [12]. Since 
the concentration of hole carriers induced by Ca modifies the 
shape of Fermi surface and affects the ferromagnetic ordering, 
it requires a proper balance of carriers and spins to make the 
RKKY interaction optimal for ferromagnetism. Considering 
from figure 3(d) that the maximum of the coercive field and 
saturation moment with the Mn concentration fixed at 10% is 
the sample with Ca doping of 10%, we may come to the conclu-
sion that the one-to-one ratio of Ca and Mn doping is the best 
for ferromagnetism in (La,Ca)(Zn,Mn)AsO.

A robust value of TC and a slight reduction of the satura-
tion moment and the coercive field are observed in (La1−xCax)
(Zn0.90Mn0.10)AsO as the Ca doping level is increased from 
10% to 30%. This is different from (La1−xSrx)(Zn0.90Mn0.10)
AsO, where TC, saturation moment and coercive field are all 

heavily reduced when the doping level of Sr increases to 30%. 
The different behaviors of (La1−xCax)(Zn0.90Mn0.10)AsO and 
(La1−xSrx)(Zn0.90Mn0.10)AsO with same doping level of carriers 
are probably due to the different atomic radius between Ca2+ 
(0.099 nm) and Sr2+ (0.113 nm). The radius of Ca2+ is much 
smaller than that of Sr2+ , which consequently influences the 
distances, and therefore the interactions between spins and car-
riers. In other words, a larger effect of scattering and localization 
takes place in (La,Ca)(Zn,Mn)AsO with a smaller lattice con-
stant. This explanation is also consistent with the results of elec-
trical resistance measurements. The value of resistivity at low 
temperature for (La0.90Ca0.10)(Zn0.90Mn0.10)AsO in figure 3(a) 
is about one order of magnitude lager than that for (La0.90Sr0.10)
(Zn0.90Mn0.10)AsO [20], which suggesting the spins scattering 
and localizing the carriers in (La0.90Ca0.10)(Zn0.90Mn0.10)AsO 
more heavily than in (La0.90Sr0.10)(Zn0.90Mn0.10)AsO. The 
different values of the temperature-dependent resistivity also 
indicate that the effective carrier concentration of (La1−xCax)
(Zn0.90Mn0.10)AsO is lower than that of (La1−xSrx)(Zn0.90Mn0.10)
AsO. Such phenomena demonstrate that the lower but more 
robust TC in (La1−xCax)(Zn0.90Mn0.10)AsO may be due to the 
lower effective carrier concentration.

In order to investigate the spin dynamics, we performed μSR 
measurements on (La0.90Ca0.10)(Zn0.90Mn0.10)AsO specimen. 
The time spectra of ZF-μSR for (La0.90Ca0.10)(Zn0.90Mn0.10)
AsO from 2 K to 40 K are shown in figure 4(a). Below 30 K, 
the muon spin relaxation shows an obvious increase in relaxa-
tion rate. The behavior of this ZF-μSR time spectra is similar 
to spin glass systems, like AuFe and CuMn, where AuFe and 
CuMn exhibit characteristic signatures of dynamic slowing 
down followed by static magnetic order [35]. Nevertheless, 
for the ‘1 1 1’ (Li(Zn,Mn)Pn(Pn  =  As, P)) system [17, 29], 
the ZF time spectra can be analyzed by the two component 
function. One component represents the magnetically ordered 
volume with the internal static magnetic field distribution 
modeled as a Lorentzian distribution. The other component 

Figure 5.  The ferromagnetic Curie temperature TC dependence 
on the static internal field parameter as measured in Li(Zn,Mn)As 
[17], Li(Zn,Mn)P [29], (La,Ba)(Zn,Mn)AsO [19] (La,Ca)(Zn,Mn)
AsO,(Ba,K)(Zn,Mn)AsO [23] and (Ga,Mn)As [30].
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represents the remaining paramagnetic volume expressed as 
an exponentially decaying dynamic relaxation function. The 
refined static random field amplitude as and dynamic relaxa-
tion rate λd extracted from the fitting of ZF time spectra are 
ploted in figures  4(b) and (d). When fitting the data of ZF 
time spectra, we used as and λd as the only free parameters. 
The refined static random field amplitudes as is the width of 
static field distribution, which is proportional to the spin S of 
impurity moments at T  =  0 and the static polarization at finite 
temperature [35]. The dynamic relaxation λd equals to νa4 /d

2 , 
where ad is the dynamic fluctuating field and ν is the fluctua-
tion rate of the random field [35].

The time spectra of LF-μSR for (La0.90Ca0.10)(Zn0.90Mn0.10)
AsO at LF  =  200 G are plotted in figure 4(c). In figure 4(f ), 
we show the LF relaxation rate 1/T1. We observe a clear peak 
at  ∼20 K. This value is the same as the temperature where 
as suddenly increases (figure 4(b)) and λd reaches a max-
imum (figure 4(d)). For comparison, we reproduce the ZFC 
and FC dc magnetization of (La0.90Ca0.10)(Zn0.90Mn0.10)AsO 

measured under =B 0.1ext  T In figure  4(e). The departure 
temperature of ZFC and FC magnetization occurs at 15–20 K. 
The consistency of  ∼20 K from figures 4(b), (d)–(f) suggests 
that 20 K is the onset temperature of the static spin freezing.

We plot ( )× a4/3 s at low temperature versus TC for 
(La0.90Ca0.10)(Zn0.90Mn0.10)AsO in figure  5. A factor of 4/3 
is multiplied to as to adjust the difference between as and the 
simple exponential decay rate Λ (For a detail explanation, 
please refer to the supplement materials of [17]). as falls onto 
the linear relation observed for (Ga,Mn)As [30], Li(Zn,Mn)As 
[17], Li(Zn,Mn)P [29], (Ba,K)(Zn,Mn)2As2 [23] and (La,Ba)
(Zn,Mn)AsO [19]. The local field amplitude parameter as is 
proportional to the individual ordered moment size multiplied 
by the moment concentration, and the ferromagnetic Curie 
temperature TC is a measurement of the effective average fer-
romagnetic interaction. Therefore the linear relation between 
as and TC, suggests that the ferromagnetic exchange interaction 
in these DMS systems share a common mechanism. Never the 
less, as stated in reference 19 and 20, La(Zn0.90Mn0.10)AsO 

Figure 6.  Neutron diffraction pattern for a powder specimen of (La0.9Ca0.1)(Zn0.9Mn0.1)AsO at 300 K (a), 50 K (b) and 6 K (c) at NIST
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remains paramagnetic down to 2 K without carriers. This indi-
cates that the ferromagnetic ordering develops only when the 
spins are mediated by carriers, which is similar to the case of 
the (Ga,Mn)As system where Zener’s model [12] is proposed 
as one candidate to explain the ferromagnetism. The study of 
current DMS system may help to understand the origin of fer-
romagnetism in (Ga,Mn)As and other III–V DMSs.

We also conducted neutron diffraction measurements on a 
powder specimen of (La0.90Ca0.10)(Zn0.90Mn0.10)AsO, from 6 K  
to 300 K at NCNR to look for signals of long range magnetic 
ordering. The results are shown in figure 6. Firstly, we do not 
observe any impurities, consistent with the x-ray diffraction 
pattern shown in figure 1. This again indicates the successful 
Mn substitution for Zn. Furthermore, we do not observe any 
structural phase transition over the measured temperature range. 
By comparing the neutron diffraction data collected at 6 K 
(which is below ∼T 20f  K and ∼T 30C  K) with that measured at  
50 K, we can not distinguish any magnetic Bragg peaks from 
the structural ones. We note that the Mn saturated moments is  
0.639 µB Mn−1 for this concentration, and the average moment 
size is only  ∼0.06 µB Mn−1(Zn). This value is smaller than the 
limit of  ∼0.1 µB for the current neutron diffraction configuration.

4.  Summary and conclusion

To summarize, we successfully synthesized a new DMS system 
(La1−xCax)(Zn1−yMny)AsO, with the maximum ∼T 30C  K. We 
find for the fixed Mn doping level of y  =  0.1, both the coercive 
field and the saturation moment increase when the doping level 
of Ca increases from x  =  5% to x  =  10%, and then decrease 
monotonically with further Ca doping up to x  =  30%. Our 
results indicate that equal concentrations of carriers and spins is 
best to optimize the ferromagnetic ordering, and too few or too 
many carriers are detrimental to the ferromagnetic ordering. The 
different magnetic behaviors between (La1−xCax)(Zn0.9Mn0.1)
AsO and (La1−xSrx)(Zn0.9Mn0.1)AsO indicate that a lower 
effective carrier concentration may leads to a lower but more 
robust TC. μSR experiments demonstrated that (La,Ca)(Zn,Mn)
AsO has a common mechanism for the ferromagnetic exchange 
interaction with (Ga,Mn)As, which is helpful to understand the 
origin of ferromagnetism in III–V DMSs. Our neutron scat-
tering experiments do not show a structural transition between 
300 K and 6 K for (La0.90Ca0.10)(Zn0.90Mn0.10)AsO. In addition, 
as mentioned in the previous papers, (La,Ca)(Zn,Mn)AsO is 
isostructural to the Fe-based superconductor LaFeAsO [14] and 
the antiferromagnetic LaMnAsO [31], offering the opportunity 
to develop junction devices based on these three systems.
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